In a previous paper Asmussen and Chiodi (1940) demonstrated anew that the cardiac output of man in rest and during work is increased when. the 02-content of the inspired air is lowered, and evidence was brought: forward to show that it was not the oxygen-lack per se, but the lowered arterial O&ension, which through the chemoreceptors of the carotid. glomus stimulated the circulatory center. Emphasis was put on the possibility that the response of the body to prolonged (i.e., lasting more than a few hours) Oz-deficiency might differ from that described, and the works of Grollman (1930) and Christensen and Forbes (1937) were men-. tioned as examples of how prolonged exposure to low barometric pressure? causes changes in the circulation rate, which cannot be explained by the stimulating effect of the low arterial O&ension alone. These authors found that although individual differences were apparent in their subjects, the general feature was an increased cardiac output in the first few days of an exposure to low 0%tension, followed later by a decrease, which brought back the cardiac output practically to sea-level values.
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Grollman correlated this return with the concomitant increase in OScapacity of the blood. However, an inspection of his data and curves shows ihat the greatest increase in O+apacity occurred during the first three days, as had been observed by Schneider (1921) , whereas the decline of the cardiac output began after five or six days. In order to find an explanation of the different levels of the cardiac output in the first days and in the later stages of a sojourn at high altitude, we have studied both the percentage and total quantity of hemoglobin in the blood, the blood volume and the composition of the alveolar air. The cardiac output was determined not only in rest but al.so during work of known intensity. It seemed likely that such data might add useful facts to our knowledge of circulatory regulation.
LOCALITIES AND SUBJECTS. The University of Denver has for several years had a laboratory building at the top of Mt. Evans, Colorado (4,300 m.), which we were enabled to use through the kind co6peration of Dr. J* C. Stearns, Professor of Physics at the University of Denver.
The barometric pressure there during the first two weeks of August, 1940, was about 460 mm. Outdoor tt:mperatures ranged from a minimum of O" in the early morning to a maximum of about 20" in the afternoon. We arrived at. Mt.. Evans August 3 in the late afternoon and started our cxperiments next, morning.
One of us (F. C., aged 27; weight., )36 kgm.; height, 172 cm.) camr: directly from Boston by train. E. A. (aged 33; weight, 68 kgm.; height, 171 cm.) had spent four days in Denver (elevation 1,700 m.) and one night. in Idaho Springs (elevation 2,300 m.), and furthermore had paid a short. visit to hit. Evans on August 2. Roth subjects were in good physical condition upon arrival, but experienced rnountain sickness during the first 48 hours.
Sleeplessness, vomiting, diarrhea, precordial pains, palpitat.ion, etc., at night were followed by a slight headache during t.hc day. The rest of the time both were in good health, except. during the last three days when I:. A. began to develop a gastro-intestinal ailment, which however did not become pronounced until after leaving the mountain, PHOCI~DURES AND ~wwow.
The general scheme for the day was: Experiments on both subjects (fasting) from about 8 a.m. to I p.m. Lunch and rest to about 2:30 p.m. Analysis and other laboratorv work to about 6 p.m. An outdoor walk or climb to about 7 p.m. Suiper and rest to 8 p.m. Calculating, dishwashing, reading, etc., to about 10 p.m. All determinations thus were made in the fasting state. Metabolism in rest and during work was determined from the vcntilation, measured on a-n scsurate dry gas me&, and from the composition of the expired air, drawn from a mixing chamber between t-he valve and the gas met.er. Alveolar air samples were taken in rest by the HaldanePriest.ley met-hod, during work as samples from the expiration chamber of the valve at t.hc end of each expiration.
A11 samples were analyzed on the Krogh-Haldane apparatus. Cardiac outputs were estimated from the metabolic rate and the arteriovenous Oa-diffcrenoe, det.ermined by the Grollman method.
As in previous experiments (Rasmussen and Chiodi, 1940) , we have chosen to use only those determinations in which the average O&ension during the rcbreathing comes within a few millimeters Hg of the previously determined alwola~* 02-tension.
Pulse rates were counted on the wrist and blood pressurcfs (taken only in rest) measured in the ordinary way on the left. arm.
For the determiiation of oxygen capacities blood I& drawn from a cuM.al vein, saturated with 02 in a tonomctcr at room t:cmperature and anulyzttd in the Van Slykt: manometric apparatus.
The blood volume was estimatc:d by the CO m&hod: A measured volume (usually 170 cc. at 760 mm. Hg, O", dryness) of CO was mixed with 02 and a little I% in a small rubber ba.g ani rebreathed for 20 minutes, the CO2 being absorbed in soda-lime.
:I sample of blood was then drawn from the cub&al vein and analyzed for CO after Van Slyke and Neil1 (1924) . Used in this way the CO-method gives good checks with the dye method (Evans' blue) as ordinarily used in this laboratory.
Its advantage is that it is very simple and can be used every day, as the elimination of the CO in our experience seemed to be complete in 24 hours, whereas the dye persists in the plasma for IO to 12 days.
From the arterial OS-capacity and the blood volume the total Oz-capacity could be calculated.
LA. For the working experiments a simplified Krogh bicycle ergometer was used (Christensen and Forbes, 1937) . Two grades of work were investigated, a lighter work (330 mkg./min.) and a heavier work (490 mkg./min.). A metronome secured a constant rhythm of 60 revolutions per minute.
RESULTS. The results of the resting experiments on E. A. and F. C. are shown in figure 1. The dots represent the actual determinations, whereas the curves are drawn so as to smooth out the daily irregularities.
In ERLING ASMUSSEN AND FRANK C. CONSOLAZIO E. A. the blood volume-and consequently the total OS-capacity-on the 12th day for an unknown reason dropped down to values almost as low as in the first days.
These values, which might have been caused by a developing ailment, as mentioned above, are shown by crosses instead of dots.
We did nof get any values of the cardiac output on the first day because of difficulties in finding the right acetylene-oxygen mixture. For the following days a marked initial increase in the cardiac output and a later secondary fall to values still significantly higher than the sea-level values was found in both subjects.
It will be noticed that the OS-capacity in volumes per cent, increases very rapidly fhe two first days, later slowly but steadily, whereas the t&Z Oz-capacity seems to be rather stationary, or even falling a little, the first 5 or 6 days, after which it starts increasing with the above-mentioned exception for the last few days in E. A. The blood volume was markedly below sea-level values on the first day and continued to decrease for two days more. While it then began to increase it, did not attain, even in F, C., who remained in good health, the sea-level value. While the pulse rate, as shown in figure 1 , shows considerable changes in the first days, the blood pressure was constant and showed no significant differences from the sea-level values. Table 1 contains some additional data. It will be noticed that the alveolar ~0, increases slightly and the alveolar pCO2 decreases slightly during the sojourn at Mt. Evans, indicating that the resting ventilation was increasing slightly during the process of acclimatization.
The resting metabolism was constant from day to day but, especially in E. A., somewhat increased as compared with the sea-level values. This may depend on the rather low temperatures in the morning, when the determinations were made, and therefore is more pronounced in E. A., who is rather lean, than in F. C. The possibility that the increased ultraviolet radiation, as mentioned by Lindhard (1910), might be another reason for this cannot, however, be neglected.
The average values were for E. A., 283 cc./min., for F. C., 297 cc./min., compared with respectively 250 and 289 cc./min. at sea-level. The pulse rates and cardiac outputs for the two grades of work are shown in figure 2, The corresponding average metabolisms are, for E. A. 1.11 l./min. in the lighter work, 1.44 L/mm. in the heavier work, for F. C. resp. 1.23 l./mjn, and 1.61 l./min.
The efficiency of E. A. thus was higher than that of F. C, These values correspond closely to the sea-level values for both subjects. The ventilation in the steady state of work increased in both subjects during the process of acclimatization, and corresponding changes in the composition of the alveolar air were observed.
DISCUSSION. The results of our resting experiments show qualitatively great resemblance to those of Grollman (1930) . Quantitatively, however, ERLING ASMUSSEN AND FRANK C. CONSOLAZIO our results differ from Grollman's. Whereas the maximal increase in Grollman's two subjects was less than 50 per cent and the final value reached was the normal sea-level value, both of us showed an initial increase of about 100 per cent, and the final values reached were still significantly higher than our sea-level values.
The only possible explanation seems to be that the discrepancies must be due to individual differences.
The decline in cardiac output after a certain time spent in high altitude has been correlated by Grollman with the well-known increase in Ogcapacity of the blood which occurs during a sojourn in high altitude. Grollman's figure 1 and our figure 1, however, show that although the greatest increase in Oz-capacity takes place in the first 1 to 2 days, the cardiac output nevertheless continues to rise thereafter, and the decline starts at a time when the increase in 02-capacity is relatively slow and uniform.
The variations in the cardiac output correspond, however, in both our subjects rather closely to the observed changes in blood volume, as figure 1 shows.
An interdependence between blood volume and circulation rate has been asserted before.
Thus Scott, Bazett and Mackie (1940) have demonstrated that during the first few days of a sojourn in a hot room the cardiac output is slightly increased, but that it assumed normal values again when the blood volume later was increased.
The interdependence of the blood volume and the cardiac output is apparently a rather slow adjustment: When blood pools in the lower extremities, as in passive standing, an increased cardiac output is not evoked, but frequently the opposite (Asmussen, Christensen and Nielsen, 1939, 1940) . However, for longer exposures -several hours or days -the problem must be different: the compensatory vasoconstrictions must build up a "want for oxygen," which no doubt will be met by an increased circulation rate.
The very high cardiac output found in the first week thus might be explained as partly due to the low blood volume during the same time, and partly to the low Oz-tension.
When the blood volume and the total Hb of the blood again increase, a decrease of the cardiac output can be tolerated and a new level is obtained.
The question now is whether the decline in blood volume (plasma volume) should be looked upon as a failure of the organism to maintain a status quo, or whether it rather should be looked upon as a regulatory device. For the former point of view speaks the fact that both of us were mountain-sick the first night and day and probably lost some water through vomiting and diarrhea. But then again it should have been easy to regain this loss of water during the following days, when no ailment was present. As this did not happen we are inclined to believe that the second suggestion is the more likely and to assume that the decline in plasma volume is a regulatory mechanism by which the Oz-capacity of the blood is increased. This interpretation of the event has been given first by Abderhalden (1896), later by Douglas, Haldane, Henderson and Schneider (1913) . The subsequent increase in blood volume is, .as a simple calculation will show, for a great part, due to the increased number of erythrocytes.
The significance of a high 02-capacity of the blood for maintenance of a normal capillary O&ension has been discussed by Barcroft (1925) and Haldane and Priestley (1935) and needs no further explanation.
The level reached after these initial stages is in our case higher than the sea-level values.
It appeared to us to be significant to determine whether in this state the usual controller of the cardiac output in low 0 2 -i.e., the arterial Oz-tension-was still active. We therefore in the last two days at Mt. Evans, in a few experiments on both subjects (I during light work and 2 in rest), added 02 to the inspired air to such a degree that the alveolar ~02 increased from the normal, about 50 mm. Hg, to 150-200 mm. Hg. After 20 to 30 minutes' 02-breathing, the cardiac output was determined. Table 2 shows the results. The decrease in the cardiac output when the alveolar p02 was increased shows that the chemoreceptors must hav,e been stimulated by the prevailing low O&,ension also in the acclimatized subjects.
Still another observation can be made from the data of table 2: The cardiac output during the Oz-breathing was lower than in the same subjects at sea-level (compare Grollman (1930) after descent to Manitou). A supernormal alveolar Oa-tension in subjects at sea-level has no effect on the circulation rate (Grollman, 1932 , confirmed by experiments in this laboratory).
The difference between a subject acclimatized to high altitude and one acclimatized to sea-level, both placed at sea-level, is therefore comparable to the difference between a normal subject and a patient with anemia, both at sea-level Oz-pressure.
H. E. Nielsen (1934) ERLING ASMUSSEN AND FRANK C, CONSOLAZIO has followed the recovery of a patient with pernicious anemia through two months, and found that the cardiac output gradually decreased to normal values as the Ozcapacity gradually increased. Christensen (1937) , from H. E. Nielsen's results, has calculated the average venous Oz-tension, which-according to many others (e.g., Barcroft, 1925; Haldane and Priestley, 1935) -approximates the average Oz-pressure in the tissues, and points out that this is kept practically constant with Hb percentages ranging from 36 per cent to 82 per cent. Grollman (1932) likewise points out that in his experiments the venous Oz-tension in low 02 is approximately normal, and the results of Asmussen and Chiodi (1940) confirm this.
The maintenance of a constant venous OS-tension, indicating a constant tissue O&ension, seems therefore to be a very important function of the circulatory adjustments.l The results of our experiments in work ( fig. 2 ) need no long discussion. The general trend seems to be the same as in rest, so that the working experiments can be said to confirm the conclusions drawn from the resting experiments.
Our results emphasize the complexity of the regulation of the cardiac output.
Besides the well-known rdle of the chemoreceptors and the pressoreceptors, the capillary PO,, the 02-capacity, the blood volume, etc., are important.
Even though their effect may be slower and therefore less striking than that of a lowered arterial ~0, it may be as important. A more complete study of their interrelation with the circulation may give valuable information concerning the regulation of the circulation rate.
SUMMARY
Two subjects were studied in rest and work during a sojourn of 15 days at the summit of Mt. Evans, Colorado (elev. 4,300 m.). In both subjects %tn increase in the resting cardiac output of about 100 per cent occurred during the first 4 to 5 days, later followed by a return to values still well above sea-level values.
The blood volume decreased considerably the first 3 or 4 days, then increased to a level still below* the sea-level values.
The percentage Ozcapacity was increased already the first day, presumably as a result of withdrawal of fluid from the blood. Determinations of the total Ozcapacity showed that an increased formation of red cells first occurred after a latency of 4 to 5 days.
In work the cardiac output was considerably higher the first days than
1 The experiments of Asmussen and Chiodi (1940) show that acute (about I hour) exposures to low tissue &tensions, as in CO-poisoning, do not increase the cardiac output.
Whether a prolonged CO-poisoning would do so still has to be proved, but seems likely considering the increased cardiac output of patients with pernicious anemia, 563 later on, but even then it was still higher than at sea-level, The decline in cardiac ou tput after about a week at high altitude is presumably related to the concomitant increase in blood volume and total 09capacity.
The chemosensible reflexes were active during the whole sojourn at Mt. Evans.
If the acclimatized subjects breathed an air mixture enriched with 02, the cardiac output both in rest and during work fell to values lower than the corresponding sea-level values. The findings are discussed and brought into relation with other results on the regulation of the circulation.
